Food chain models have dominated empirical studies of trophic interactions in the past decades, and have lead to important insights into the factors that control ecological communities. Despite the importance of food chain models in instigating ecological investigations, many empirical studies still show a strong deviation from the dynamics that food chain models predict. We present a theoretical framework that explains some of the discrepancies by showing that trophic interactions are likely to be strongly influenced by the spatial configuration of consumers and their resources. Differences in the spatial scale at which consumers and their resources function lead to uncoupling of the population dynamics of the interacting species, and may explain overexploitation and depletion of resource populations. We discuss how changed land use, likely the most prominent future stress on natural systems, may affect food web dynamics by interfering with the scale of interaction between consumers and their resource.
INTRODUCTION
Ecological theory on food web dynamics is to a large extent based on simple food chains (Oksanen and others 1981) or simple community modules (Holt 1997) . In food chain models, trophic interactions between species or groups of species are supposed to form chain-like structures, such as plant-herbivore-predator, or detritus-detrivorepredator chains. These models have been particularly successful in providing a theoretical framework for scientific debates on ''why the world is green'' (Hairston and others 1960; Polis 1999) , on trophic cascades (Carpenter and others 1985) , or on ''bottom-up'' and ''top-down'' control in natural communities (Power 1992) . Food chain models have been much less successful in providing predictions that resemble the dynamics of natural ecosystems (Pace and others 1999) , apart from examples from lake ecosystems or small holes in trees (Strong 1992; Kitching 2001) . This severely limits the applicability of food web theory for assessing the consequences of future anthropogenic changes, such as those caused by changed land use.
A number of reasons were suggested for the discrepancies between food chain models and the dynamics of natural ecosystems (Chase 2000; Polis and others 2000) . Obviously, most natural com-munities consist of more complex interactions than simple food webs. They form complex structures, where multiple indirect effects obscure direct effects of trophic interactions. Furthermore, food web theory depends strongly on the validity of lumping large numbers of species into functional groups, which has frequently been criticized (Persson 1999; Polis and others 2000) . Secondly, prey are often not uniformly edible, and consumption may lead to changes in prey defences and stoichiometry (Loladze and others 2000; Schmitz and others 2000) . Finally, studies of trophic cascades in terrestrial systems suggest that interactions occurring over large spatial scales lead to deviations from the predictions of consumer-resource (predator-prey or plant-herbivore) models (Jefferies 2000; Sanchez-Pinero and Polis 2000) .
Although the effects of food web complexity and prey edibility received significant attention (McCann and others 1998; Loladze and others 2000; Grover 2003) , much less is known of the implication of the spatial scale of consumer-resource interactions for understanding the dynamics of natural communities. In this paper, we provide a simple framework that helps in understanding some important deviations between observed food web dynamics and the dynamics predicted by simple predator-prey or food-chain models. This framework is based on consideration of qualitative differences in the scale of distribution of either consumer or resource. We further discuss how future changes in land use may affect food web dynamics by interfering with the functional scale of trophic interactions. We do not intend to be comprehensive in our approach. Rather, we aim to show that including spatial aspects of consumerresource relations will significantly advance our understanding of species interaction and food web dynamics in both natural and disturbed ecosystems.
SPATIAL ASPECTS OF CONSUMER-RESOURCE INTERACTIONS
Classical models of consumer-resource interactions assume a homogeneous distribution of both the consumer and the resource. In most natural ecosystems, however, resources are patchily distributed across space. As a consequence, a consumer may consider a part of its habitat unsuitable, as the density of resource is too low, whereas in other parts resource availability is sufficiently high. Moreover, a small patch of edible plants might be considered as ''not worth the effort'' by a large herbivore such as a horse, which observes and examines its habitat on a scale of meters. A mouse, which observes its habitat at a much finer scale, may consider the patch as sufficiently attractive. We refer to the observational window of the consumer as the grain at which a consumer examines its habitat (conform Milne 1992) . Consumers cover significant distances in search of food. Movements, however, are virtually always limited in spatial extent, due to costs associated with mobility. We define the extent of the consumer habitat as the size of the area that is covered by the consumer when searching for resources (Milne 1992) .
Logically, the observational grain of a consumer is finer than the extent of its habitat. Hence, the grain and extent define the lower and upper limits of a spatial scale range along which a consumer exploits the environment, which we will from now on refer to as the ''functional range'' of the consumer. In Figure 1 , we have arbitrarily depicted this range along a scale axis, ranging from a fine scale of cm 2 to a large scale of several km 2 . In a similar manner, we depicted the spatial characteristics of the resource along this axis. The lower boundary represents the smallest patch size of the resource. In the case of plants as a resource, patch size may be defined as the size of an individual plant. The upper boundary of the resource scalerange in Figure 1 is determined by the scale beyond which the resource cannot be considered, from a population dynamical viewpoint, as a single population. At scales below this limit, resources are considered a single linked population or pool. Beyond this scale, multiple populations or pools are involved, which are considered as separate (meta-) populations. These populations are linked only via the consumer. For the sake of simplicity, we will call this upper bound the extent of the resource habitat. Note that consumers can move between different resource habitats if the extent of movements of the consumer is larger than the extent of the resource habitat, as is depicted in Figure 1 .
Most theoretical models on consumer-resource interaction do not consider spatial heterogeneity (Holt 2002) . They implicitly assume that no resources are left unused because of observational limits or movement restrictions. This implies that the observational grain of the consumer is equal to the size of the smallest resource patch, and that the extent of movements of the consumer equals the extent of the resource habitat, as in Figure 2A . An example of such a system would be a small homogeneous lake. Under these conditions, we expect the consumer and its resource to be perfectly coupled, and to behave as is predicted in the classical models. Increase of the consumer population will lead to a decrease in resource availability, but the consumer will be unable to overexploit the resource, as it would lead to itÕs own demise.
SCALE DEVIATION BETWEEN CONSUMER AND RESOURCE
Scale deviation between the consumer and its resource is very common. In many (but certainly not all) consumer-resource interactions, the consumer is more mobile than its resource. The extent of movement of an herbivore may cover many square kilometres, and is often (but not always) larger than the spatial scale at which plant populations influence each other directly. This is reflected on the scale axis in Figure 2B , where the extent of movement of the consumer stretches well beyond the extent of the resource habitat. In this situation, resource patches that are too far apart to affect each other directly may still influence each other via the consumer. This situation is similar to ''apparent competition'', where different populations influence each other via a common predator (Holt 1977 Figure 2 . Three possible configurations of the functional ranges of the consumer and its resource. A The functional ranges of consumer and resources are equal, resulting in a perfectly coupled consumer-resource interaction. B The extent of the consumer habitat exceeds the extent of the resource habitat. C As in B, but the grain of observation of the consumer is larger than the lowest patch size of the resource. Both B and C lead to deviations of the interaction from that predicted by food chain models. 
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Smallest patch size Extent of resource habitat of the population dynamics of the consumer and the local resource population, as the dynamics of the consumers depend on a multitude of resource populations in space. Apparent competition may lead to overexploitation and even depletion of one of the local resource populations, as the consumer is subsidized by other populations (Holt 1977) . Carry-over effects between resource patches or areas are predicted to amplify differences in resource production rates between patches, and lead to the formation of spatial patterns of resource-rich and degraded patches (de Roos and others 1998). Carry-over effects as a consequence of spatial ''subsidies'' have, for instance, been reported to cause degradation in the Arctic tundra (Jefferies 2000) , where a change in food availability at the winter grounds of geese caused pattern formation and even degradation of the habitats used by the geese during the summer. Similar depletion of prey population densities was observed by Polis and Hurd (1995) in desert island ecosystems, where spiders, supported by large inputs of marine detritus food, suppressed herbivorous prey. Such long-term depletion of resources is prevented in fully coupled consumer-resource interactions (Figure 2A ), as the consumer densities would collapse as a consequence of lack of food. Despite the generally higher mobility in consumers such as herbivores, examples of depletion of vegetation due to overgrazing are not very common in natural grasslands. This is likely the result of a similar uncoupling of resource and consumer dynamics at fine scales. For example, consumers that move great distances are likely to observe their resources on a coarse scale, neglecting small patches of food (Ritchie and Olff 1999; Holt 2002) . This is depicted in Figure 2C , where the size of the smallest patches of resource is below the grain at which the consumer observes or assesses the landscape. The consumer, because of the costs associated with the interruption of movement, ignores fine-scale patches. As a consequence, resources are protected against consumption in fine-scale patches, lowering the interaction strength between resource and the consumer, and low resource densities. This effect is captured by the Holling type 3 functional response, and prevents complete depletion of the resource by the consumer (for example, Yodzis 1989). Hence, discrepancies in the scale of utilization of a landscape and the scale of heterogeneity of the resource can cause both depletion and overexploitation of the resource, but may also protect the resource against overexploitation (Van de Koppel and others 2002).
The above examples are by no means comprehensive. Many more deviations from the configuration of Figure 2A are possible. For instance, most sessile bivalves are filter feeders that consume algae from the water. Flow and wave energy result in significant movement and mixing of algae in the water, and hence may transport algae over great distances. Such a system would be an example of an interaction where the extent of the resource exceeds the extent of the consumer. To fully cover possible effects of scale discrepancies on natural communities, our categorization needs to be extended to three-link chains or even food webs. This is beyond the scope of this paper.
Critical in understanding the effects of spatial scale on trophic interactions is that consumption rates are determined by limitations on spatial movements of resources and consumers, as well as by properties such as handling times. Movement constraints strongly influence stability and species persistence in model food webs others 1991, 1994) . If movements are slow, subsidies from the surrounding habitats by means of resource or consumers are low, which has a stabilizing influence on the population dynamics of the involved species. If movements are fast and large, subsidies dominate local population dynamics, and may lead to local extinction of either consumers or resource . Theoretical studies emphasize the potential for spatial interactions to stabilize predator-prey (de Roos and others 1998), plant-herbivore (Van de Koppel and others 2002), and plant-water interactions (Van de Koppel and Rietkerk 2004) on larger spatial scales. Differences in the rate and extent of spatial movements between resource and consumer are a common property of these models, explaining the emergent stability.
HUMAN INTERFERENCE WITH SCALE ASPECTS OF PREDATOR-PREY INTERACTIONS
Humans have in major ways modified landscape patterns and land use (Vitousek and others 1997) . The most important aspects in the present context are: (1) restrictions of movements of consumers, for instance by fencing grazing herbivores; and (2) modifying, usually decreasing, the heterogeneity of resources, for instance by monoculture forestry and agriculture. The first way corresponds to decreasing the extent of consumer habitat, whereas the second corresponds to a decreased spatial extent of the resource. Both types of interference may lead to consumer and resource populations becoming more closely linked, a condition favoring species that exert strong control over their resources. We will discuss both cases in detail below.
In many grasslands, the natural behavior of large grazers is large-scale movement, ensuring that any locality is subjected to pulses of intense grazing. This leads to mosaic grasslands that can sustain high grazer densities. Humans have, by intensifying land use, fenced domesticated herbivores into smaller plots. As a result, grazing became intense and continuous, forcing animals to utilize small patches that they would otherwise avoid. This restriction of consumer movement by fencing animals into smaller areas synchronizes consumer and resource dynamics ( Figure 3A ) and leads to larger risks of severe grazing effects and trampling damage. The restricted movement in domestic animals has created exactly the conditions required for severe herbivore effects on semi-arid grasslands (Milne 1992; Van de Koppel and others 2002) .
Monoculture agriculture and forestry is ubiquitous, although mixed-species (2-3 species, usually) forestry is becoming more common. It is well known that monocultures often lead to increased pest problems (for example, Juska and others 1997) . In the present context, agricultural practices favor resource homogenization, which increases resource patchiness to spatial scales above the observational grain of consumers such as pest species ( Figure 3B ). Because pests often are good dispersers, this intensifies the interactions between pests and their resource species. Furthermore, humans have decoupled the dynamics of resources and consumers by taking control of the renewal of resources. By constantly adding new generations of the same crops to agricultural systems, irrespective of consumer (that is, pest) densities, the coupling of consumers and resources in homogenous systems is broken. The effect is often pest outbreaks that have to be managed by pesticides (for example, Juska and others 1997) . Homogenization of agricultural landscapes may even affect control of pest outbreaks by higher trophic levels. For example, large areas of spring cereals enhance populations of pests such as the bird-cherry oat aphid, a major pest in Scandinavia and Western Europe. In mosaic small-scaled landscapes, generalist natural enemies can control or at least reduce pest outbreaks, but their effectiveness is reduced as landscape heterogeneity decreases (Ostman and others 2001). The natural enemies require habitats outside the fields for their persistence, and the more of them that are present in the field when the aphids colonize, the better the biological control.
Human activities may lead to changes in the structure of food webs by interfering with the functional range of the predator or prey. One of the best examples of this is the abovementioned case where the extent of domesticated herbivores is restricted by fencing. Most herbivores are naturally selective feeders, preferentially feeding on more palatable plant species within a plant community (Bardgett and Wardle 2003) . In free-range ecosystems, herbivores have the potential to move across landscapes, selecting areas of palatable forage and obtaining a balanced diet. This provides a good opportunity to maximize energy intake (Wallisdevries and others 1999). In most human-created landscapes, the size of nature reserves is typically small and habitat diversity is low, limiting the subsistence potential for herbivore populations (Wallisdevries 1996) . In such fragmented areas (small size and low connectivity) the amount and Figure 3 . Effects of human interference on consumer-resource interaction by A restriction of the mobility of the consumer, for instance by fragmenting the habitat of the consumer, and B by homogenization of the resource habitat, which is a common feature of agricultural landscapes. diversity of resource patches is likely to be low. This may on the one hand limit the diet of herbivores as the variety of suitable resources is reduced. On the other hand, food limitation may force herbivores to consume unfavorable plant species. Both strongly affect the food choice of herbivores, and hence affect food web structure. Restriction of herbivore movement and increased grazing pressure within a locality may also influence food web structure in an indirect way, for instance by affecting decomposer communities and their relationship with the vegetation (Bardgett and Wardle 2003) .
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MANAGING TROPHIC INTERACTIONS IN A CHANGING WORLD
A major future impact on (semi-) natural ecosystems will come from changed land use, leading to destruction, fragmentation or homogenization of habitat. Current developments in metapopulation theory stress that endangered species can survive at a regional level if local extinctions are compensated by recolonization from other populations. For this reason, modern landscape and nature management focuses on restoring connectivity between fragmented landscapes. Our review suggests that the effects may be two-fold. By broadening the resource base available to consumers, linking of nature reserves may uncouple the population dynamics of resource and consumer, which in turn may prevent consumer population crashes. On the other hand, spatial subsidies that result from linking reserves may increase local densities of consumers, leading to increased predation and local extinction of resource populations, as has been described for insect host-parasitoid systems (Holt and Lawton 1993) , seed predation by rodents (Orrock and others 2003) , and for breeding geese on arctic islands (Madsen and others 1992) . For those reasons, knowledge of the intrinsic spatial scale and potential rates of the interaction between consumers and their resources is pivotal for nature conservation to be effective.
